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SUMMARY

The various causes for the return of gas turbine engines to depot for
maintenance are examined in this investigation. The sample selected for
review and analysis of historical data include T53 and -T55 models in both
military and commercial deployment. The time span of the historical
data studied allows a comiparison between military combat versus mili-~
tary peacetime and military versus commercial overhaul experience.
Section 1.0 discusses depot return rates relative to design and environ-
mental stresses.

The concept of a composite engine was introduced to provide an average
value for comparative purposes. The reasons for depot return of specific
engines are compared with those of the composite engine. Special empha-
sis is placed on engine component-caused depot returns and their relation-
ship to design parameters.

Section 2.0 presents recommendations for procedures and criteria that,
through the design processes, can control the TBO or durability return
rate. The process uses the composite engine critical component sub-
system listing derived in Section 2.0. Failure mode and hazard-rate
analyses from previous designs are used to estimate the probabilities of
component/subsystems meeting the system requirement. The process is
iterative, and the understanding of the relationship between design mar-
gins and depot returns will improve. Analysis of new designs will indicate
the risk associated with achieving a specified time-between-overhauls
(TBO) interval. The analysis may indicate a specific design and use re-~
lationship that would warrant an on-condition or condition-monitoring
approach to depot return.

Section 3.0 lists and describes advanced component and system concepts.
A qualitative analysis is made as to their probable effect on TBO interval,
flight safety, and mission reliability.
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PREFACE

The investigation described herein was conducted by the Avco Lycoming
Engine Group, Stratford Division, to review and analyze the factors con-
trolling engine scheduled overhaul intervals. The program was sponsored
by the Eustis Directorate of the U.S. Army Air Mobility Research and
Development Laboratory (USAAMRDL), Fort Eustis, Virginia, under
Contract DAAJ02-75-C-0018,

The program was technically supervised by T. House, V. Welner, R.
Campbell, and D. Artis of USAAMRDL.

The principal investigators for this study were P. King and R. Givens.
W. Lobdell, Director, and S. Wallace, Manager of the Avco Lycoming
Reliability and Maintainability group, had overall responsibility for pro-
gram management.

The contributions of the Engineering, Stress, Design and Product Support
departments of Avco Lycoming Engine Group are appreciated by the
authors.
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INTRODUCTION

The frequency of engines being returned to depot is considered to be a
prime driver of engine life-cycle costs. The total rate of return is
usually a combination of unscheduled returns and a fixed-schedule over-
haul interval or time-between-overhauls (TBO). It is desirable to fix the
scheduled overhaul interval as high as possible, within the constraints of
mission reliability and flight safety, in order to minimize life-cycle
costs. Unscheduled necessary returns to depot are separated into two
causal categories: (1) engine component caused, and (2) operational en-
vironmental caused. Both causes are related to and influenced by engine
system design.

The precipitation of an engine-caused depot return event is usually symp-
tomatic. Therefore, the decision as to the necessity of returning an engine
requires preliminary diagnostics and fault isolation to establish the level
of maintenance that is required. The accepted practice, to minimize
maintenance costs, is to perform maintenance at the lowest echelon
practical. Violations of this practice occur in the form of unnecessary

and convenience-type returns to depot.

The returns of engines to depot are categorized in Figure 1. The six cate-
gories of returns appearing on the data sheets are:

ALL DEPOT RETURNS
OF ENGINES

SCHEDULED l UNSCHEDULED I

L I

NECESSARY UNNECESSARY CONVENIENCE

2

| 1 | I

ENGINE COMPONENT ENVIRONMENTAL ENGINE COMPONENT ENVIRONM:NTAL
CAUSED CAUSED CAUSED CAUSED

Figure 1. Engine Return Categories
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Ll o 5

Scheduled
Unscheduled, necessary engine component caused

Unscheduled, necessary environmental caused
Unscheduled, unnecessary

Unscheduled, convenience engiue component caused
Unscheduled, convenience, environmental caused.,

O~ U1 Wb W NV e~
.

A scheduled return identifies an engine that is returned to depot as part
of a planned activity; the most common reason is the achievement of the
TBO interval. Other scheduled returns could be associated with airframe
returns to depot or special investigations.

Unscheduled returns are randomly distributed events that are caused by
the engine or its components and the environment in which the engine
operates. Unscheduled returns can also be caused by events categorized
as unnecessary, or a convenience to the using organization.

Necessary returns are those events that require the engine to be returned
to depot for corrective maintenance.

Unnecessary returns to depot are those returns for which the reason for
return could not be verified or because there was no immediate need for
corrective or preventative maintenance at depot level.

Convenience returns are returns to depot of engines that could have re-
ceived corrective maintenance in the field, but for reasons of logistics,
strategy, etc., they were returned to depot.

The data sample sets were selected to afford a broad view of depot-return
causes for a variety of engine models, operating conditions, and deploy-
ment environments. The data sets also provided component information
sufficient to support the Weibull analysis and time failure-rate studies

for specific failure modes. The selected sample sets, containing a total
of 9004 returns, are:

17



No.

Returns Operating
Model Time Span Environment Analyzed Hours
PSS« Li=T, CY 1969 Military 844 512, 406
B C
T53-1L.-13B 'CY 1973 Military 1061 869, 291
T53-L-11 CY 1968 Military 2618 1, 250, 000
T53-L-13A CY 1970 Military 3851 1, 700, 000
Ts5311 A
& Bx* 1965-1975 Commercial

630 I, 136,911

T5313 A
% B 1965-1975 Commercial

*These are commercial mocel designations of the T53-L-11 and T53-1.-13
engines.

Data from the sets were analyzed to provide insight as to what causes and
reasons were the ''drivers'' of depot returns for each set. The results
were used for comparative set analysis in terms of percentages and fre-
quencies. Data sets were then summed to provide percentages and fre-
quencies of an average of a composite engine.

Additional investigation was made into the areas of engine component
failure modes, and where possible, Weibull plots were made to determine
the relationship between failure frequency and operating time. Failure
effects were noted, and safety and mission impacting failure modes were
identified. The presence and effect of diagnostics on the depot returns are
also discussed. The latter part of Section 1.0 attempts to relate earlier
design and testing criteria to the failures that caused depot returns.

The analysis presented in Section 1.0 is used as the basis in preparing
recommendations and procedures for controlling the factors that deter-
mine overhaul intervals. It is recommended that engine TBO capability
be a primary design consideration and included as a system requirement.
The composite engine evaluated in Section 1.0 is the first of an iterative
process that continually refines the relationship between failures that
cause depot returns, design selection, and system parameters. Data in-
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cluded in Section 1.0 strongly indicates that depot returns can be greatly
reduced by directing design-configuration to environmental-use relation-
ships, rather than redesigning the engine components. The area of con-
venience-type returns is one that may be driven by circumstances beyond
the immediate control of the operating command. However, the exercising
of this prerogative may be somewhat engine-design related through decis-
ions that hinge on ease of maintenance. Unnecessary returns are consid-
ered to be operating-system caused and, when grouped with convenience
returns, will be considered as exogenous variables and not within the
control plan discussed in Section 2.0.

The statistical approach to meeting system requirements for maximum
TBO and failure related engine life centers on depot-return failure sensi-
tive parts. These parts with their failure modes and frequencies have
been identified in Section 1.0. Probabilities are computed for failure
modes using frequencies and distributions estimated in Section 1.0, The
combined probabilities result in a probability for the engine TBO interval
and the risk associated with mission and safety returns for the complete
engine. It is expected that continued use of the procedures relating com-
ponent design margins to depot returns will result in increased overhaul
intervals, reducing unscheduled return frequencies, and eventually using
on-condition and condition monitoring maintenance and overhaul plans.

The possible effects of advanced components or systems on TBO intervals,

flight safety, and mission reliability-impacting depot returns is qualita-
tively explored in Section 3.0.
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1.0 REVIEW AND ANALYSIS OF HISTORICAL DATA

SOURCE AND SELECTION OF DATA

Over 40, 000 T53 and T55 engines were returned for depot action during
the past 10 years. Records for these returns are on file in a data bank
at the Avco Lycoming Engine Group, Stratford. These records formed
the source of the historical data from which approximately 9, 000 returns
were selected for a detailed review.

These returns were not selected at random but chosen according to peak
utilization periods (in flying hours), to obtain a cross section of engine
models. After the engine model was selected, the returns for the year
that had the most activity were then studied. However, a bias in failure
frequency was introduced in some areas in order to investigate a wider
range of failure modes. For example, the T53-1.-13A CY 1970 data was
included because of compressor problems. The years of peak activity of
these models are discussed below.

Selected Engine Returns

Period Model Returns and Hours

CY 1968 T53-L-11A/11B 2,618 Returns
1, 250, 000 Flying Hours

This model year was selected since it was a peak utilization year for the
T53-L-11A/11B engine. This engine model represented the end of the
first generation of T53 engines, and had accumulated 3, 250, 000 operating
hours prior to 1968, mostly in utility-type helicopters (UH-1 Series).
Military operations during this period were conducted under severe com-
bat conditions in Vietnam.

Period Model Returns and Hours
CY 1969 r55-1.-7B/7C 844 Returns

512, 406 Flying Hours

T55 series engines were selected because they represented a different
configuration and were installed in a heavy cargo helicopter (CH=-47
Series). Again, 1969 represented a year of peak utilization in Vietnam.
Like the T53-L-11, this engine also was the last of the first generation
and had accumulated over 1, 000, 000 hours prior to 1969,
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Period Model Returns and Hours
CY 1970 T53-L-13A 3,851 Returns

1, 700, 000 Flying Hours

The T5>3-L-13A model engine represents the first engine in the second
generation of the T53 family. Horsepower had been increased from 1, 100
in the T53-L-11B to 1, 400 shaft horsepower in the T53-1L-13A, Most of
the hours flown were under combat conditions, with some of the engines
being installed in AH-1G gunships, whose mission profiles and engine
duty cycles were more severe than the UH-1 series aircraft.

Period Model Returns and Hours
cY Y973 T53-1.-13B 1,061 Returns

869, 291 Flying Hours

The T53-L-13B incorporated a titanium compressor rotor and other de-
sign improvements over the T53-L-13A, This period was selected to pro-
vide military peacetime operational data. These engines were installed in
both UH-1 and AH-1G Series aircraft.

Period Model Returns and Hours
1965-1975 T5311 and T5313 630 Returns
Series Commercial 1,136,911 Flying Hours

These engines were selected in order to introduce commerical data into
the study and, thus, provide a comparison between similar engines being
operated in military and commercial environments. These engines, in-
stalled in Bell helicopter Model 205, were used in a wide variety of oper-
ations, from off-shore oil-rig resupply to forestry logging and crop
dusting.,

Description of Selected Engines

The T53-L-11 1, 100 shaft horsepower turboshaft engine was delivered to
the U.S. Army in August 1963, This turboshaft engine incorporated the
following improvements over the T53-L-9 series. The acceleration air-
bleed system was modified to a transient-type with characteristics that
made the bleed system remain open during power transients in order to
improve the acceleration from flight idle to takeoff. The Number 1 main
bearing installation was modified to reduce vibration, an in-line fuel filter
was added, the air diffuser was modified to increase surge margin, and
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the customer air-bleed takeoff port was relocated. Alternate and emer-
gency fuel capability was obtained by using a scoopless combustor, modi-
fied T-cane fuel injectors, and two hot-streak igniter fuel nozzles.

The 1, 100 shaft horsepower turboshaft T53-1.-11 A engine introduced in
January 1966 has one difference in addition to the T53-L-11 configuration.
This engine used the improved K4 gearing with a 24-tooth small output
spline.

The 1, 100 shaft horsepower turboshaft T53-L.-11B engine was delivered
to the U.S. Army in December 1966. This engine used the improved K4
gearing with large 26-tooth output spline for compatibility with the rede-
signed helicopter transmissions.

The 1, 400 shaft horsepower turboshaft T53-1.-13 engine was delivered to
the U.S. Army in August 1966. This turboshaft engine incorporated the
following significant imp'r‘ovements. Transonic compressor blades were
incorporated in the first two stages of the axial rotors to provide increased
air mass flow and to obtain the 1, 400 shaft horsepower rating. Variable
inlet guide vanes provided good compressor stage matching over a wide
speed range along with excellent compressor stall margin. A two-stage
gas producer turbine was used for increased turbine efficiency. A two-
stage power turbine having higher efficiency was used to supply higher
power to the output shaft. A new atomizing combustor design incorporated
improved heat and corrosion-resistant alloys for longer life.

The 1,400 shaft horsepower turboshaft T53-1-13, with delta ( A ) marked
on the engine data plate, contained a glass-bead-peened 36-blade second-
stage compressor disc. The glass peening provided the disc with improved
stress-rupture properties prior to availability of the 34-bladed disc.

The 1, 400 shaft horsepower turboshaft T53-L-13A Suffix A engine has a
34-blade second-stage compressor disc incorporated into the basic T53-
L-13 configuration. The Suffix A identifies this feature.

The 1, 400 shaft horsepower turboshaft T53-1.-13 A engine includes all of
the following features:
® Improved Number 2 bearing seals

® Six-probe twelve-point thermocouple harness for
greater accuracy

° Improved Number 2 bearing scavenge system

@ The 34-blade second-stage compressor disc.
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The 1, 400 shaft horsepower turboshaft T53~1-13A Suffix A engine is a
modified T53-L-13A engine with an improved fourth-stage compressor
disc forging that had controlled flow lines and grain size.

The 1,400 shaft horsepower turboshaft T53~L-13B is the most advanced
production engine in the T53 turboshaft series. This engine includes the
following additional major improvements:

I Titanium was used in the second - through fifth-stage compressor
rotor discs for increased durability, resistance to stress corro-
sion, and improved low-cycle fatigue characteristics.

2. Compressor blades were retained with single-thickness locking
plates.
3 Improved Number 2 bearing sawcut seals were incorporated for

resistance to coking.

4, First- and second-stage gas producer turbine nozzles were cast
for greater service life.

5. Expansion bolts connecting the centrifugal compressor housing to

the air diffuser were used for improved clamping, which reduces
the Number 2 bearings outer race rotation.

6. An improved sun gear thrust washer made from synthetic material
was incorporated for better wear characteristics.

DEPOT RETURN CATEGORIES

After the previously discussed engine returns were selected, they were
categorized into depot return groups. Each engine model was first cate~
gorized as being either a scheduled or an unscheduled return, where
scheduled-return engines either achieved scheduled TBO or were returned
as part of a special inspection program (see Figure 1).

Next, the unscheduled returns were subdivided into necessary, unneces-
sary (defect not substantiated), and convenience-type groups. Necessary
returns were further divided into engine-caused or system-caused re-
turns. Where engine-caused returns included those engines returned be-
cause of component problem, system-caused returns related to opera-
tional or environmental factors. Unnecessary-type returns (defect not
substantiated) include those engines in which no defect could be found upon
examination at the overhaul facility, Convenience-type returns include
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engines that could have been repaired in the field, but, due to various
reasons, were returned for depot action.

I'he raw data from computer storage were tabulated, analyzed, and con-
densed, and the results are presented in Figures A-1 through A-5 (Appen-
dix A). Although every effort was made to preserve the original reason
for return, some consolidation was necessary in order to reduce the large
volume of data into manageable categories.

COMPOSITE ENGINE DESCRIPTION

In order to broaden the view of the various causes for engine returns, a
""composite engine'' was created by summing all like-categories from
each engine group. This composite engine allows comparison between
each engine and the composite, as well as ''military composite' versus
""civil (commercial) composite''. To a degree, then, the composite engine
represents the normal engine and is used throughout the report as a
reference even though it is heavily weighted by the T53-1.-13 A data.

DEPOT RETURN CATEGORIES (COMPOSITE ENGINE)

Figure 2 depicts the major categories of engine returns, as applied to the
composite engine. These categories are described below:

Scheduled Engine Returns

These returns include engines that reached a TBO interval, which ranged
as low as 600 hours for some engines and as high as 2, 500 hours for
others. It should be noted that only a 6.48 percent of all depot returns or
107 engines per million operating hours reached a TBO interval.

Unscheduled Necessary, Engine Component-Caused Returns

This category represents the next largest group at 18. 39 percent or 303
engine returns per million hours. The chief causes found in the engines
studied are:

Oil leakage and consumption due to mainshaft oil seals.

y Oil contamination, caused by bearing problems.

3. Compressor component defects such as disc, blade, or vane
failures.
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ALL ENGINES
9004 RETURNS
5,468,608 FLYING HOURS

55 T\ —_. 45

N ENVIRONMENT/SYSTEM CAUSED
42.22%/ 695 *

SERVICE BULLETIN/MOD. £
0.22%/ 004 g

>

REASON UNKNOWN
4.03%/ 66 CONVERSION

3.61%/ 59

UNNECESSARY
7.34%/ 121

ENGINE/COMPONENT CAUSED
18.39%/ 303

CONVENIENCE
17.71%/ 292

SCHEDULED
RETURNS
6.48%/ 107

* PERCENT TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 2. Composite Engine Depot Returns
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Unscheduled Necessary, Environmental System-Caused Returns

This category represents the largest group, i.e., 42.22 percent or 695
engine returns per million operating hours. The principal reasons for
these returns are foreign object damage (FOD) and compressor erosion;
other factors are such items as operator and maintenance errors, battle
damage, and aircraft accidents.

Unscheduled Unnecessary

This category includes engines returned for various symptoms but where
no defect could be substantiated upon receipt of the engine at depot. There-
fore, the cause of return for these engines was improper diagnostics and
troubleshooting techniques at the organizational or field maintenance level.
Since this category represents 7.34 percent or 121 engines per million
hours, it was decided to make this the subject of further study and to de-
termine if improved diagnostic equipment and/or techniques could improve
the situation.

Unscheduled Convenience Returns

This category accounts for 17.71 percent or 292 engine returns per mil-
lion hours. Engines in this category could have been repaired in the field,
but at the convenience of the using activity, they were returned for over-
haul. A study of this group shows a variety of engine problems; seals
(leading the list) and field-repairable FOD were the most frequent prob-
lems. Additional considerations were the pressing tactical situation in
Vietnam, together with the availability of skilled manpower, tools, and
spare parts. Perhaps some of these repairs, while possible in the field,
are not always practical in the real world environment.

Unscheduled Unknown

This category includes those engines whose paperwork was lost or not
filled out, or represents an engine that had not completed processing at
the time of this study. This category represents about 4.03 percent or 66
engines per million hours.

The remaining engines reviewed were returned for conversion to other
models, for incorporation of service bulletins for modification work or-
ders (MWO's), and they represent 3.6l percent or 59 per million hours.
Figures 3 through 7 illustrate the categories representing the returns of
each engine model selected for this investigation. Summaries of these
activities are presented in chronological order. These summaries provide
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an overview of the principal causes of premature engine returns. For a
detailed discussion of component problems, refer to "Unscheduled Neces -
sary Engine/Component-Caused Returns''.

DEPOT RETURN SUMMARIES

T53-L-11A/11B Engines

Figure 3 shows that 70 percent of the T53-L-11 engines returned to
depot were due to environmental causes. FOD and erosion were the major
factors, and the particle separator retrofit procram initiated in 1967 was
starting to take effect. See environment-caused returns on page 35. The
scheduled return rate for this engine of 144 per million operating hours
was higher than any other military type engine, and higher than the com-
posite engine which included the commercial models. The T53-1.-11A/
11B was the last of the first generation engines and incorporated many
design improvements over the earlier models. Consequently, the neces -
sary engine-caused return rate (174/106 hour) is the lowest for all mili-
tary models and lower than the composite engine.

T55-L-7B/7C Engines

The T55-L-7B/C has the highest unscheduled engine returns due to engine
causes of the group studied (see Figure 4). A review of these causes
shows that mainshaft seals lead the list, followed by bearings and air
diffuser cracks. The Number 2 bearing and seal package is not field-
replaceable on this engine. Again, the operational environment plays an
important part, with over 40 percent of the returns (mostly due to FOD
and erosion) indicating the need for environmental protection on the
CH-47 type aircraft.

Unnecessary and convenience returns are close to the norm for the study
groups. This engine had a scheduled return rate of 19/106 hours, which
is the lowest rate of all the engines studied.

Since the T55-1.-7R/C incorporates several design improvements over
the T55-1.-5 series, one would expect a better showing; however, the
basic difference between these models was improvements in the hot end
and not the seal and bearing packages, which contributed so heavily to
early returns,
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T53-L-11A/118 ENGINES

1968 DATA 2618 RETURNS
1,250,000 FLYING HOURS

UNSCHEDULED 55/“_.**\\\45

REASON UNKNOWN
2.60%/ 54

UNSCHEDULED
NECESSARY
ENVIRONMENTAL/
SYSTEM CAUSED
69.92%/1276 *

UNSCHEDULED
CONVENIENCE
10.9%/ 229

UNSCHEDULED
NECESSARY ENGINE
CAUSED

13.10%/ 274

SCHEDULED RETURNS
6.88%/ 144

©

UNSCHEDULED
UNNECESSARY
5.58%/ 117

* PERCENT TOTAL RETURNS /| RETURNS PER MILLION OPERATING HOURS

Figure 3. Summary of Depot Returns, T53-L-11A/11B Engines
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T55-L-7-B/C ENGINES
1969 DATA 844 RETURNS
512,406 FLYING HOURS

UNSCHEDULED
REASON UNKNOWN
1.42%/ 23

/ ' UNSCHEDULED
~ CONVENIENCE

6.64%/ 109 *

UNSCHEDULED

NECESSARY

- ENVIRONMENTAL/
SYSTEM CAUSED
40.52%/667

UNSCHEDULED
NECESSARY

ENGINE CAUSED
43.13%/ 710

UNSCHEDULED
UNNECESSARY
7.11%/117

SCHEDULED
1.18%/ 19

* PERCENT TOTAL RETURNS |/ RETURNS PER MILLION OPERATING HOURS

Figure 4, Summary of Depot Returns, T55-L-7B/C Engines
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T53-L-13A Engines

A significant decrease in system-~caused return rates is evident in Fig-
ure 5. By 1970, the benefits of the inlet screen and particle separator
programs were beginning to be realized.

Engine-caused return rates are higher than the T53-L-11 series. Non-
field-replaceable mainshaft seals lead the list, closely followed by com-
pressor disc problems,

Higher speeds and temperatures were also factors in the convenience re-

turns (engine-caused). The Number 2 position seal was adversely affected,
and in spite of its being field replaceable, over 500 engines were returned
for this reason.

The unscheduled conversion category reflects the desire on the part of
the user to convert these T53-1.-13A engines to the T53-L-13B configura-
tion. This was motivated by the safety-of-flight affecting failure of the
aluminum compressor discs and the need to incorporate an improved
Number 2 seal package.

Unscheduled unnecessary return rates were somewhat higher than those
for the T53-L-11 series. This probably reflects the increased complex-
ity of this model with its variable inlet guide vanes, two-stage gas pro-
ducer and power turbines, and a transonic compressor. These features,
while improving performance, made troubleshooting more difficult and
increased the maintenance burden,

T53-1.-13B Flngines

By 1973, returns due to system causes, operations, and environment
stabilized around 37 percent and 453/106 hours. These were due mostly
to FOD, even though screens had been installed (see Figure 6).

Engine-caused return rates are lower (301/106 hours versus 349/106
hours for the T53-L.-13A), while at the same time the TBO rose from

600 to 1800 hours (now 2,400 hours for certain engines). Mainshaft seals
are still the leading cause for engine-caused returns, and these problems
are discussed in detail in the component section. Unnecessary returns due
to troubleshooting were also lower, probably reflecting the peacetime
maintenance procedures in 1973 versus the 1970 Vietnam data.
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T53-L-13A MILITARY
1970 DATA - 3851 RETURNS
1,700,000 FLYING HOURS

88 TV T8
\ UNSCHEDULED
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UNSCHEDULED
NECESSARY
ENVIRONMENTAL/
SYSTEM CAUSED
33.76%/764

UNSCHEDULED
NECESSARY

ENGINE CAUSED
15.42%/ 349

SCHEDULED
RETURNS
4.28%/ 97

* PERCENT TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 5. Summary of Depot Returns, T53-L-13A Engines
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T63-L-13B ENGINES
1973 DATA 1061 RETURNS
869,291 FLYING HOURS

50

UNSCHEDULED
NECESSARY
ENGINE CAUSED
24.69%/ 301

UNSCHEDULED
CONVENIENCE
12.35%/ 151

80
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UNNECESSARY
8.11%/ 99

SCHEDULED
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0

UNSCHEDULED
REASON UNKNOWN
11.12%/ 136 *

UNSCHEDULED
NECESSARY
ENVIRONMENTAL/
SYSTEM CAUSED
37.13%/453

* PERCENT TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 6. Summary of Depot Returns, T53-L-13B Engines
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l'he rate of engines reaching TBO was 81/ 10° hours, down slightly from

the T53-1L.-13A., However, as mentioned earlier, the TBO interval had
tripled. Therefore, the T53-1.-13B is more durable than the T53-L-13A,
It is also more durable than its lower-powered predecessor, the T53-L-
11B engine, which has a rate of 144/10(’ hours, in a 1, 200-hour scheduled

return interval.

T5311 and T5313 Engines

Unscheduled system, i.e., operation and environment, return rates are
much lower for the commercial engines studied 150/10° hours versus
453/10° hours for the best military model (see Figure 7). The commercial
operator is much more effective in preventing these types of unscheduled
returns. The reasons for this are explained on page 112,

The commercial engine~caused return rates are also much lower, 82/10°
hours versus 2?4/106 hours for the best military model. This is probably
due to the commercial operators mission profile, maintenance program,
and operator techniques.

Convenience and unncessary (diagnostics) returns are also much lower
and reflect the economic concern of the commercial operator. The TBO
achieved return rate is better than all but the military T53-1.-11B engine
(139/106 hours versus 144/106 hours). However, the commerical TBO's
are considerably higher than the military (see Figure 8).

In general, the commercial engines' return rates are lower than their
military counterpart in every category, even when the military engines

are flown in a peacetime environment,

MEAN-TIME-BETWEEN-DEPOT-RETURNS (MTBD): T53/T55 ENGINES

Figure 9 shows the advancement in mean-time-between-depot-returns
(MTBD)* of engine causes for the T53 turboshaft engines over the years.
First-generation engines, T53-L-1 through T53-1L-11, show an increase
from an MTBD for the T53-L=-1/1A of 965 hours to 3, 300 hours for the
T53-L-11C/11D. Second-generation T53-L-13-type engines show a similar
increase, with the T53-L-13/13A MTBD at 1, 550 hours and the present
T53-L-13B MTBD at over 4, 000 hours.

*Total model flying hours divided by the number of engine or component
caused depot return events.
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T5311 & 75313 COMMERCIAL
1965 1975 DATA 630 RETURNS
1,136,911 FLYING HOURS

UNSCHEDULED
NECESSARY
ENVIRONMENTAL/
SYSTEM CAUSED
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"\ 30
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CONVENIENCE
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REASON UNKNOWN
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80
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85

/
£l
97

0
UNSCHEDULED UNSCHEDULED
SERVICE BULLETIN/MOD. UNNECESSARY
3.17%/ 108 2.38%/13

* PERCENT TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 7. Summary of Depot Returns, T5311 and T5313
Commercial Engines

34




TN A

DRPR———

3500 V774 miLitary
[ commerciac

3000

2500

HOURS

T53-L-11 153-L-13 T53-L13
1968 1973 1973
MTBD T8O MTBD
ALL CAUSES % ALL CAUSES %

% DOES NOT INCLUDE SCHEDULED RETURNS

Figure 8. Depot Returns Comparison,Military Versus Commercial

SCHEDULED ENGINE RETURNS

The scheduled engine returns (composite engine) account for 6.48 percent
of the total engine returns or 107 per million flying hours. While these
figures differ somewhat between engine model and application, the mili-
tary group remains below 10 percent. In contrast, over 20 percent of the
commercial engines reach TBO. Figure 10 shows the difference in
scheduled TBO growth rate for the T53 and T55 engines.

There is a tendency to compare the quality of an engine on the basis of
numbers or percentages successfully reaching the TBO interval. However,
if many of those engines fail to make TBO because of factors other than
engine causes such as the environment, maintenance errors, or improper
diagnosis of defects in the field, then the true potential of an engine is not
realized. Similarly, if fewer engines are returned prematurely due to en-
vironmental causes, more are available to fail as a result of engine causes.
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Figure 9. T53 Turboshaft MTBD Engine-Caused Returns

The reasons why so few engines reach their TBO goals, how the TBO in-
terval is established, and how it can be increased are discussed in sub-
sequent paragraphs.

UNSCHEDULED NECESSARY ENVIRONMENT-CAUSED RETURNS

Table 1 provides a comparison of each engine and the return rates for the
various categories in this group.

Foreign Object Damage

Foreign object damage (FOD) is the most common cause of premature
engine returns to depot. In the composite engine, FOD accounts for over
50 percent of those engines returned for operational environment causes
(See Figure 11).
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ALL ENGINES
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Figure 11. Composite Engine, Environment-Caused Returns
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The earlier T53 series had neither FOD screens nor a particle separator,
when originally designed and installed. But, as a result of the large num-
ber of returns, an effort began in the mid-1960's to equip these engines
with "bolted-on' protection, These screens were successful and increased
the MTBD for FOD from less than 1, 000 hours to over 8,000 hours (see
Figure 12),

A review of the engines studied shows a return rate of 672 for the T53-L-
11 series engines, which were largely unprotected in 1968, to a low of
223 per million in 1973, with peacetime deployment and screens installed.
Of significance is the commercial FOD return rate that is 35 per million
or six times better than that of the best military rate. Since most of the
commercial flying was done without the benefit of protection, it appears
that trained personnel and operating environment are more important
than protective equipment. However, it should be noted that the commer-
cial aircraft usually operated from prepared surfaces and had excellent
maintenance compared to military aircraft, due to the relatively high
personnel turnover for the military.

Figure 12, FOD Screen and Particle Separator
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The current screen design appears to be adequate in preventing FOD fre-
quently caused by gravel-size stones, rags, nuts, bolts, washers, cowl-
ing fasteners or ordnance. Smaller stones, rivets, hardware less than
about 10/32 thread size and in particular small pieces of safety wire will
go through present screens; although these items do not usually induce an
engine-caused mission and safety abort, they often result in the premature
return of an engine to depot.

Figure 13 shows the worldwide MTBD resulting from FOD for T53-L-11
and T53-L-13 type engines.

INITIAL INSTALLATION
OF FOD SCREENS

MTBD — FOD (THOUSANDS OF HOURS)

1965 1966 1967 1968 1969 1970 1971 1972 . 1973 1974

YEAR

Figure 13, T53 Turboshaft Engines Worldwide MTBD
Resulting From FOD
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Also of interest was the effect of screen installation and aircraft utiliza-
tion on the susceptibility of T53-1.-13/13A/13B engines to foreign object
damage. The results of the analysis of these variables are:

Engines With FOD Screens

Flying FOD-caused

hours depot removals MTBD-FOD (hour)
UH-1H/M 95,919 21 4,570
AH-1G 27, 386 2 13,695

Engines Without FOD Screens

Flying FOD-caused

hours depot removals MTBD-FOD (hour)
UH-1H/M 66, 841 80 836
AH-1G 9,392 2 4, 695

These data not only show that the engines without FOD screens are far
more susceptible to foreign object damage, but also indicate that the AH-
1G aircraft is less susceptible to FOD, with or without screens. The AH-
1G gunships operate from prepared surfaces and, consequently, are not
likely to experience the FOD and erosion imposed on the LU1i-1 sircraft
which must occasionally operate from unprepared surfaces,

Erosion

Compressor erosion is the second most frequent environieniy

engine return. Approximately 404 engines per million hours were o *
during wartime military operations. In comparison, the pe

been returning about 43 per million hours. Neither of these yro ‘-
protective equipment. Although the civil operator flys mostly fronm wre
pared surfaces, there are some instances when commercial sperations

are conducted in heavy sand and dust conditions, and their return rates
then approach those of the military.
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Compressor erosion of T53 engines became a serious problem upon

heavy deployment of aircraft to Vietnam in 1965. Environmental conditions
in Southeast Asia accelerated erosion of the compressor as a result of

the heavy sand and dust encountered in the areas of operation. During
1966, the mean-time-~between depot-returns (MTBD) resulting from
erosion had dropped to a low of 2, 600 hours. Over 30 percent of the T53~
L-11A/11B engine returns to depot were attributed to compressor
erosiomn.

A sand and dust particle separator was developed during 1966 and ship-
ment of the separator to the field began early in 1967. The sand and dust
separator (Figure 14) mounted on the engine inlet is an inertial-type
particle separator made in two halves. Engine inlet air enters the separa-
tor through a curved annular, radial inflow opening. Particles entering
with the air are pulled out of the airstream and routed along a curved in-
ner wall. A lip extending into the airstream deflects the particle-laden
air into a large chamber, where the air velocity decreases. The larger
particles settle in the chamber, while the finer particles are removed as
the air is drawn through a fine mesh screen on the filter assembly. Re-
moved particles are held in box assemblies containing porous plastic~
foam inserts. The box assemblies had to be periodically removed and
cleaned. A self-purging separator was introduced into the field during
1969; it is the same as described above except that the collector boxes
were removed and an ejector nozzle was mounted on the plenum chamber
at the 6-o'clock position.

With the introduction of the separators into the field and the buildup of in-
stalled engines using them, the MTBD due to erosion increased to 6, 000
hours during the first two years and then climbed sharply to 15, 000 hours
by 1970. It now runs in excess of 100,000 hours. Figure 15 shows this
improvement in MTBD erosion.

Maintenance Errors

Faulty maintenance practices are responsible for a significant number of
engine returns to depot. Here again, the military returns are considerably
higher than those of the civil operators. Two of the major problems ex-
perienced by the military in this area involved the use of flame-spray re-
pair at overhaul.

During the Vietnam War, the unprecedented demand on the supply system
caused shortages of some long lead-time items. One such item, a cast
magnesium centrifugal compressor housing used in the T53 series engines,
was seriously affected by erosion. Because of the short supply, a flame-
spray repair procedure was developed in an effort to return some of the
eroded housings to service (see Figure 16).
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Figure 16. Centrifugal Compressor Housing Flame-Spray Repair

Due to the critical military need for engines, only limited testing of the
repair was accomplished before this repair was introduced and repaired
housings went into service; unfortunately, on some housings the spray
material separated from the housing and caused additional unscheduled
returns to depot.

Similarly, the T53 power shaft forward bearing area and seal journal
were flame-spray repaired. (See Figure 17). This repair, in some in-
stances, also caused unscheduled depot returns as a result of failure of
the Number 21 bearing.

These cases are highlighted to point out that when selecting materials
during engine design, some thought should be given to how normal wear
can be repaired. Because it is difficult to bond any metallic material to
magnesium due to its high activity, its use should be limited to nonwearing
surfaces. The shaft bearing journal or seal running surfaces will wear
during normal operation; thus, consideration should be given to how this
wear can be repaired.

The review of engine returns due to maintenance errors also showed that

some engines had been returned because improper shimming of the power
shaft caused a rub with the compressor shaft.
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Figure 17. Power Shaft Flame-Spray Repair

It is concluded that all field replaceable components should be capable of

being replaced without the need to perform any calculations, including the
determination of proper shim size, bearing pinch, seal preload, turbine

axial clearances, or gear backlash.

_.A\dditional Environment-Caused Returns

Engine returns for operator error, airframe causes, aircraft accident,
and handling, can be related to human factors, training, and aircraft de-

sign. The rates for these groups are summarized in Table 2.

It appears that operator error is about eight or nine per million for the
military, versus less than two for the civil operator (with the unaccount-
able exception of the T53-L-13A).

The accident return rates for the T55-1L.-7B/C, installed in the twin-
engine CH-47 aircraft, are lower than those for the T53 series engine
which is primarily used in single-engine aircraft. The rates of both com-
mercial and military accidents are approximately the same. Consequently,
it appears that military deplecyment and operation does not significantly
affect aircraft accident rates.

47




Table 2. Additional Environment-Caused Returns
Event Rates Per Mllllon Hours ]

T : ‘T“ S S S T L= el AR S

f | } £

' Operator | Airfame ! Aircraft Battle
Engine | Error l Causes | Accident Handllng Damage
’ f7 ] * - — SeSein ", [EFSESSEECPSSaemuns
r53-L-11 9.6 | (24)% ﬁ 76 4,8 | 40
I55-L-7C 7.8 J o 23 § PR B
T53-L-13A | 18 ! 3 (21) | 82 ' 1.7 39
rs3-L-138 | 8 10. (8.) ‘l 10 0 9.2
Commercial . Ye 7 4.3 | 53 0 N/ A
|Composite | 10,2 ‘ 3.3 i 64 2.7 24.9
_ SRS Ml RE SR

l*Alrframe causes, chiefly engine-to-transmission coupling problems,

accounted for a significant number of depot returns. The parenthetical

rates in the tabulation above (extracted from the T53 ten-year report
coming Report No. 1628.5.15 Contract Number DAAJ01-74-C-0171)

Ly
are more representatwe in this case.

The battle damage rate is consistent between the T53-1.-11 series and the
T53-L-13A., The T55-1.-7 series rate is about one-half that of the T53
rate, probably due to the mission of the CH-47 aircraft.

The T53-L-13B data base was CY 1973, a peacetime year and, conse-
quently, the battle damage return rate is much lower. These few returns
were due to engines still in the supply line from the Vietnam War.

The T55 model engines used in the CH-47 twin-engine aircraft were ana-
lyzed to determine the effect of engine positions on component failure
rates. The number 2 position engine was responsible for 32 percent more
depot returns (all causes) then the Number 1 position,

Failure rates for selected components are listed below. It should be noted
that the consistant differences are probably heavily influenced by different
vibration environments for each position, due to mounting problems or
other installation considerations.
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Component Position 1% Position 2%

Fuel Control 199 473
Seals 83 141
Air Diffuser 72) 166
Fuel Manifold 8 33
Connector, Main Manifold 0 41
Accessory Gearbox 48 75
Exhaust Thermocouple 0 25

*Failures per million operating hours.

UNSCHEDULED NECESSARY ENGINE COMPONENT-CAUSED RETURNS

The engine component-caused returns that were unscheduled but necessary
are shown in Figure 18. Mainshaft oil seal failures proved to be the most
frequent cause of premature depot returns, 37.62 percent. While not a
safety-of-flight failure mode, seal leakage, or excessive oil consumption
does nevertheless, require considerable maintenance effort. All of the
seals studied during this investigation are of the positive-contact carbon-

type.

Bearing failures account for almost all of the engine returns due to oil
contamination and about 25 percent of the engine-caused returns. These
roller and ball bearings have several failure modes, some of which have
an impact on safety-of-flight.

Compressor rotor problems constitute the third largest category, largely
due to T53-L.-13A data. Included in this group in order of frequency are:

a. Compressor disc tenon cracks.
b. Centrifugal vane fracture.
Ce Impeller mounting bolt fracture.

Cracks in the air diffuser, mostly at fittings and around vanes and tubes,
caused approximately 5.25 percent of the engine returns, largely on T55
engines. Eventually, this part became field replaceable. However, this
repair is difficult and time-consuming. Air diffuser cracks are not con-
sidered a safety-of-flight failure mode.
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ALL ENGINES
UNSCHEDULED NECESSARY ENGINE CAUSED
1656 RETURNS 5,468,608 FLYING HOURS

SEALS
37.62%/114 *

TURBINE
3.80%/12

AIR DIFFUSER
5.26%/16

BEARINGS
25.85%/78

COMPRESSOR
21.01%/64

0

* PERCENT TOTAL RETURNS / RETURNS PER MILLION OPERATING HOURS

Figure 18. Composite Engine - Engine-Caused Returns
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Turbine blades, blade retention, and turbine disc problems constitute the
next category. While these problems have a low frequency of occurrence
(only 12 per million hours), they result in total loss of power, with little
or no warning.

The ''other'' category, shown in Figure 18, represent a group of engine
returns (approximately 6 percent or about 20 per million operating hours)
that are returned for various engine problems; but either the reason
could not be confirmed or the records were incomplete, and they could
not be properly classified.

Table 3 lists the components responsible for the composite engine-caused
returns, ranked by order of occurrence; it also shows failure modes and

their frequency of occurrence.

Table 4 compares engine component-caused returns to the different engine
models and application in the sample data.

Returns Caused by Mainshaft Seal Failures

Oil leaks and excessive consumption, due to oil seal failures, are the
largest contributor to engine-caused depot returns. While not a safety-
of-flight failure mode, seal failures impose a considerable burden on
maintenance activities. Even when seals are field replaceable, it is
usually a difficult, time-consuming job that requires removal of the engine
from the aircraft, special tools, and maintenance skills.

The seals described are carbon, positive-contact type and are installed
around mainshaft bearings to prevent lubricating oil leakage. Typically,
these seals must perform in a severe environment, generally at surface
speeds from 0 to 19,000 feet per minute, at temperatures from ambient
to 800°F, and at differential pressures of 50 to 60 psi across the seal for
both air and oil sealing.

Tables 5 through 8 provide a summary of MTBD for seals by engine model,
position, and year. It should be noted that 59 percent (204 engines) of 346
engine-caused depot returns were because of mainshaft seals. 1

A discussion of the failure modes, specific causes, and corrective action
follows.

1 V. Bates, TS53 Reliability and Maintainability Quarterly Prog:=ss Report,
Avco Lycoming, Report Number 1625.5.12, U.S. Army Aviation Systems
Command, St. Louis, Missouri, December 1973.
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